Key message The large and complex genomes of many cereals hindered cloning efforts in the past. Advances in genomics now allow the rapid cloning of genes from humanity's most valuable crops. Abstract The past two decades were characterized by a genomics revolution that entailed profound changes to crop research, plant breeding, and agriculture. Today, high-quality reference sequences are available for all major cereal crop species. Large resequencing and pan-genome projects start to reveal a more comprehensive picture of the genetic makeup and the diversity among domesticated cereals and their wild relatives. These technological advancements will have a dramatic effect on dissecting genotype-phenotype associations and on gene cloning. In this review, we will highlight the status of the genomic resources available for various cereal crops and we will discuss their implications for gene cloning. A particular focus will be given to the cereal species barley and wheat, which are characterized by very large and complex genomes that have been inaccessible to rapid gene cloning until recently. With the advancements in genomics and the development of several rapid gene-cloning methods, it has now become feasible to tackle the cloning of most agriculturally important genes, even in wheat and barley.
Introduction
The blueprints of life are encoded in the DNA of the estimated 8.7 million species on earth (Mora et al. 2011) . Each of these genomes is composed of thousands to billions of nucleotides arranged in a unique sequence. In 1977, the 5375-bp genome of the bacteriophage ΦX174 was the first full genome to be sequenced (Sanger et al. 1977) . Since then, advancements in genomics and DNA sequencing technologies have made it possible to decrypt the nucleotide sequences of thousands of organisms. Today, the genomes of more than 6000 eukaryotes and 150,000 prokaryotes have been sequenced to various qualities (NCBI genome list https ://www.ncbi.nlm.nih.gov/genom e/brows e/#!/overv iew/). While the motivation for the early attempts of genome sequencing was mostly of a basic scientific nature, genomics has nowadays found its way into many practical applications, including plant breeding (Hickey et al. 2017) . Today, the identification and classification of the functional elements within a genome and the association of phenotypic variation with specific nucleotide polymorphisms or genes present the main challenges in genomics (Bevan et al. 2017) .
Genomic and biotechnological applications, including marker-assisted selection, genomic selection, and genome editing, have become indispensable tools in many private and public plant breeding programs (Desta and Ortiz 2014; Poland and Rutkoski 2016) . However, a deeper understanding of the functional nucleotide polymorphisms that shape agriculturally important traits in crops will be pivotal in order to unleash the full potential of these technologies. A large proportion of the global food and feed production stems from a single plant family named Poaceae (grasses). This family contains the cereal crops wheat, rice, maize, barley, sorghum, and millets, which provide more than 50% of the globally consumed calories (Nelson et al. 2010) . Around 45-60 million years ago, modern cereals shared a common ancestor (The International Brachypodium Initiative 2010) . In other words, a large share of today's global food supply, and hence food security, depends on a handful of closely related grass species. Unsurprisingly, research on deciphering the genetic and molecular bases of key agricultural traits in cereals has become increasingly important and a better understanding of functional cereal genomics will 1 3 be essential in order to breed the cereal cultivars capable of feeding 9-10 billion people by 2050 (Bevan et al. 2017; Godfray et al. 2010) .
A surprising feature of cereal genomes is that they substantially vary in size between different cereal species, despite their close relatedness. For example, the roughly 380 million nucleotides (Mb) that make up an entire rice genome (International Rice Genome Sequencing Project 2005; Stein et al. 2018 ) account for only 2.4% of the bread wheat genome (The International Wheat Genome Sequencing Consortium 2018). The lack of a correlation between the complexity of an organism and its DNA content is known as C-value paradox (Thomas Jr. 1971) , which can mainly be explained by differences in the fraction of highly repetitive elements and in ploidy. Today, high-quality reference genomes have been completed for all major cereal species. The first crop genome to be sequenced at high quality was the japonica rice cultivar Nipponbare in 2005 (International Rice Genome Sequencing Project 2005). The rice genome sequence was soon followed by high-quality assemblies of sorghum (730 Mb) (Paterson et al. 2009 ), maize (2.3 Gb) (Schnable et al. 2009 ), barley (4.79 Gb) (Mascher et al. 2017) , pearl millet (1.79 Gb) , and wheat (15.8 Gb) (The International Wheat Genome Sequencing Consortium 2018). Completion of these high-quality reference genomes marked milestones for cereal genetics and genomics, and they will play a pivotal role in increasing our understanding of the genetic and molecular control of agronomically important traits.
But how has the availability of these reference genomes influenced the identification of causal nucleotide polymorphisms and genes? A simple literature search revealed that the number of publications referring to 'gene cloning' in rice has surged since the completion of the rice genome in 2005 ( Fig. 1) (Ni et al. 2009) . A similar trend can be observed for the model plant species Arabidopsis thaliana. Surprisingly, the completion of the 2.3-Gb maize genome in 2009 had a less dramatic effect on the number of cloned genes that followed in the years after the maize reference sequence was published. This might indicate that the large genomes (> 1 Gb) of maize, barley, and wheat still pose a major hurdle for gene cloning despite the availability of high-quality reference sequences. A reference sequence is only one stepping stone for the functional characterization of genomes and additional innovations are needed to clone genes from large and complex genomes. In this review, we will focus on recent genomic advancements that made gene cloning more rapid and cost-efficient. In particular, numerous rapid genecloning approaches have been published during the past 2 years that will facilitate gene cloning from cereal species with large and repeat-rich genomes.
Historic perspective on gene cloning
Before venturing into the future, let's have a look at the past. Linking phenotypic variation within crop plants with causal nucleotide polymorphisms has become an integral part of plant research and breeding. With the advent of molecular marker technologies and the use of sophisticated statistical tools, it has become feasible to dissect the genetic components of complex traits. Two of the most widely used approaches to study genetic patterns in cereals are quantitative trait locus (QTL) analyses and genome-wide association studies (GWAS). The progress in DNA sequencing Fig. 1 Cumulative number of publications that included the words 'map-based', 'gene', and 'cloning' in the title or abstract. The arrows indicate the year of the release of the first high-quality reference sequence for each species. To generate the data, a search with these keywords and the respective species was performed on the NCBI PubMed advanced search builder (https :// www.ncbi.nlm.nih.gov/pubme d/ advan ced) 1 3 has facilitated the transition from single molecular markers to high-throughput genotyping. Back in the 1990s and early 2000s, the development of restriction fragment length polymorphism (RFLP), single sequence repeat (SSR), or single nucleotide polymorphism (SNP) markers was a major effort. Today, high-throughput marker platforms and genotyping protocols have been developed for many cereal crops, which allow for a rapid and inexpensive genotyping of mapping populations and association panels with thousands of markers (Hussain et al. 2017; Rasheed et al. 2017) . QTL analyses and GWAS in cereals generally result in the identification of molecular markers in linkage with a trait of interest. Although these methods seldom enable the direct identification of causal genes, mapping of major QTLs can be very accurate and causal genes are often found within less than 1 cM of peak markers (Price 2006) . Positional cloning, also referred to as map-based cloning, has been the method of choice to identify the exact stretch of nucleotides (e.g., the gene) that controls a trait of interest (Krattinger et al. 2009 ). This approach is exemplified by the cloning of Xa21, a broad-spectrum resistance gene against Xanthomonas oryzae pv. oryzae (Xoo), causal agent of the bacterial blight disease in rice. Xa21 was originally introgressed into cultivated rice from a wild African rice species (Oryza longistaminata) by recurrent backcrossing (Khush et al. 1991) . The gene was mapped to a 1.2-cM genetic interval on chromosome 11 using RFLP and RAPD (random amplified polymorphic DNA) markers (Ronald et al. 1992) . A linked marker was used to probe bacterial artificial chromosomes (BAC) and cosmid libraries and subclones of the identified BACs and cosmid clones were used for complementation in a susceptible rice line Wang et al. 1995) . Xa21 was identified on a 9.6 kb subclone containing a receptor-like kinase . While this example demonstrates the power of positional cloning for isolating genes without ab initio knowledge of the gene product, it also highlights the laborious and time-consuming nature of positional cloning projects. The Xa21 resistance gene was first identified in 1985, when O. longistaminata resistance to Indian Xoo isolates was evaluated (Khush et al. 1989) . Therefore, 10 years passed between the first description of Xa21-mediated resistance and the identification of the causal receptor-like kinase in 1995. Notably, Xa21 was cloned before a high-quality reference genome of rice became available.
Positional cloning 2.0: how to avoid spending a decade on a gene cloning project?
As illustrated by the cloning of Xa21, positional cloning has been the method of choice for gene cloning in the past. Positional cloning builds on genetic mapping and molecular approaches that result in the stepwise localization of a gene. A critical step is the generation of segregating high-resolution mapping populations that are genotyped with molecular markers and phenotyped for the trait of interest. Careful selection of parental lines and the creation of suitable mapping populations are important criteria that often decide on the success or failure of a gene-cloning project. Generating mapping populations takes time, particularly for cereal species with rather long generation times. However, several advancements can help to significantly speed up this process. These include the development of methodologies for double haploid (DH) production of cereals (e.g., wheat; Niu et al. 2014) , which significantly accelerates the process of obtaining homozygous progeny. Speed breeding is another recent protocol with enormous potential (Watson et al. 2018) . By artificially prolonging the photoperiod and by optimizing the light spectrum supplied to plants, the generation time of many crop plants could be halved. The combination of speed breeding and DH production offers the possibility to rapidly develop mapping populations. Rapid genotyping of mapping populations with hundreds to thousands of molecular markers has become routine with the SNP arrays and genotyping-by-sequencing (GBS) protocols available today (Hussain et al. 2017; Rasheed et al. 2017) .
Once a gene has been mapped to a small genetic interval, the corresponding physical interval is pieced together by chromosome walking, a process that involved multiple rounds of BAC library screening. This transition from genetic to physical maps (from cM to bp) has been one of the rate-limiting steps in many map-based cloning projects, particularly in cereals with large genomes. In wheat, for example, hundreds of disease resistance genes have been described and also mapped to a certain extent (McIntosh et al. 2008 ), but only a few dozens of them have been cloned (Keller et al. 2018) . BAC clones can store a piece of DNA 100-200 kb in size. Around 500,000 BAC clones are thus required to represent an entire hexaploid wheat genome. Also, the presence of three highly similar sub-genomes in bread wheat can confound BAC library screenings. While the availability of reference genomes partially overcomes this problem, it has also been observed that gene content and gene order can differ considerably between different cereal cultivars (Chia et al. 2012; Jordan et al. 2015; Mago et al. 2014) . For positional cloning projects, it is thus important to generate sequence information from a donor line that carries the gene of interest. The major limitation of BAC clones is the size of the piece of foreign DNA that can be taken up by the vector and that can consequently be stored in a single E. coli culture. Most importantly, this biological limitation cannot be overcome with novel sequencing technologies. As long as no alternative vector systems are available that would allow for the storage of significantly longer DNA pieces, chromosome walking can only progress in steps of 1 3 100-200 kb at a time. It would thus be more accurate to refer to 'chromosome creeping' in wheat and barley. Thind et al. (2017) set out to overcome this problem by developing an approach that enabled the rapid establishment of physical intervals from any donor line. 'Targeted chromosome-based cloning via long-range assembly' (TACCA) used a combination of short-read Illumina sequencing and chromosome contact maps of in vitro reconstituted chromosomes (Dovetail Genomics Chicago approach; Putnam et al. 2016) to generate large scaffolds from isolated chromosomes (Fig. 2) . As a proof of concept, the leaf rust resistance gene Lr22a of wheat was cloned. Lr22a was first mapped to a 0.09-cM interval on wheat chromosome 2D using a traditional positional cloning approach. However, the corresponding physical interval was not established by isolating relatively small BAC clones. Instead, chromosome 2D of the Lr22a-containing wheat line 'CH Campala Lr22a' was isolated through flow cytometry (Vrána et al. 2000) . Nonamplified high molecular weight DNA was then used for sequencing and Chicago long-range scaffolding. The resulting chromosome assembly had a scaffold N50 of 9.79 Mb, meaning that half of the assembly was covered by scaffolds of 9.79 Mb or longer. This is 50-100 times longer than a BAC clone. Hence, instead of spending several years trying to painstakingly piece together a physical interval with BAC clones, TACCA allows the generation of megabase-sized scaffolds spanning the target region within a few months. All the Lr22a flanking markers identified through genetic mapping were localized on a single 6.39 Mb scaffold and because the assembly was generated from an Lr22a donor line, all the candidate genes were immediately identified. This allowed Thind et al. (2017) to show that the Lr22a leaf rust resistance is caused by a nucleotide binding, leucinerich repeat (NLR)-encoding gene. Compared to BAC clones, TACCA is not limited in terms of insert size other than the size of the sorted chromosome. It is thus possible that future sequencing or assembly protocols will result in even more impressive assembly statistics. Additionally, this approach showed that the sequencing of an entire wheat chromosome of 800 Mb has become an attractive methodology, even if one is only interested in a particular region of the assembly that might correspond to as little as 1% of the chromosome. In summary, double haploid production, speed breeding, high-throughput molecular marker technologies, and TACCA have significantly reduced the time required for positional cloning projects.
Gene cloning without fine-mapping: exploiting induced mutations for direct gene cloning
A popular approach to study the effect of single genes and to induce variation in breeding germplasm is through the induction of mutations (Schneeberger 2014; Uauy et al. 2017) . DNA-altering agents such as radiation or chemicals, which can induce phenotypic variation in crop plants, have been known since the early twentieth century. Pioneering work by Lewis John Stadler in the 1920s demonstrated that the exposure of barley seedlings to X-ray and radium caused visible alterations such as white seedlings (Stadler 1928) . Later, it was discovered that certain chemicals like ethyl-methanesulfonate (EMS) and sodium azide had similar effects, and groundbreaking work by Barbara McClintock in the 1940s led to the discovery of 'jumping genes' in maize (McClintock 1950) . Radiation and chemical mutagens induce random DNA changes across the genome that can range from SNPs (EMS) to large chromosomal rearrangements or deletions (radiation). On the other hand, the insertion of transposons (jumping genes) can disrupt gene function, a fact that has been systematically exploited by generating hundreds of thousands of T-DNA insertion and transposon lines, particularly in rice and maize Vollbrecht et al. 2010) . The first gene to be cloned by transposon tagging in plants was the bronze (bz) locus of maize, which controls anthocyanin pigmentation of maize kernels (Fedoroff et al. 1984; Rhoades 1952 ). An insertion of the Activator (Ac) transposable element produces the mutant phenotype. This allowed the cloning of Ac containing DNA fragments from maize plants displaying the mutant bz phenotype. Ac flanking sequences were used to probe homozygous bz and Bz and heterozygous Bz/bz maize lines. Hybridization of homozygous bz and Bz lines yielded single 10.8 kb and 6.3 kb fragments, respectively, while hybridization of the heterozygous line produced both fragments. This provided the stepping stone to isolate the non-mutant Bz allele that confers purple maize kernels (Fedoroff et al. 1984 ). This approach is not unique to Ac elements and can be used with other transposable elements, as demonstrated by the cloning of the Knotted gene in maize using a Dissociation (Ds) transposable element (Hake et al. 1989) .
There are several advantages of using induced mutagenesis over natural variation to elucidate gene function: (i) Natural mutations occur infrequently, whereas mutagens can rapidly induce an almost infinite number of polymorphisms at virtually any position within a genome. (ii) Phenotypic alterations observed in mutagenized plants are often the result of recessive mutations in single genes, which results in a simple Mendelian inheritance of the trait (Schneeberger 2014) . (iii) Mutagenized plants are phenotypically identical to their respective wild-type parents with the exception of traits that have been altered as a direct consequence of the mutagenesis. This makes phenotypic screens relatively simple and less dependent on genetic backgrounds and environmental conditions. (iv) The vast majority of the genotypic differences between the mutagenized plants and untreated parent are the direct result of the mutagenesis. The polymorphism density in single plants after EMS treatments is an order of magnitude lower than natural polymorphism rates between two cereal cultivars. The number of induced mutations after EMS treatment in the diploid cereal species rice and sorghum lies in the range of 5-11 SNPs per Mb on average in a single plant (Henry et al. 2014; Jiao et al. 2016) , whereas a comparison between the closely related indica rice cultivars Zhenshan 97 and Minghui 63 revealed one SNP every 3.65 kb (= 274 SNPs/Mb) . Polyploid genomes tolerate a higher mutation density. For example, EMS-induced mutation density in tetraploid and hexaploid wheat ranged from 20 to 42 SNPs per Mb (Henry et al. 2014; Krasileva et al. 2017; Slade et al. 2005; Uauy et al. 2009 ). Despite the higher polymorphism density, it can be more challenging to visualize mutant phenotypes in polyploid species because of genetic redundancy. While the effects of X-rays, EMS and transposons on plant phenotypes were already described in the first half of the twentieth century, it took several decades from Stadler's and McClintock's groundbreaking experiments to develop sophisticated forward and reverse genetic approaches that allowed the identification of causal DNA polymorphisms underlying mutant phenotypes.
In the year 2000, McCallum et al. (2000) described Targeting Induced Local Lesions IN Genomes (TILLING) in Arabidopsis, a reverse genetic approach that allowed the detection of EMS-induced polymorphisms in specific gene sequences by using a polymerase chain reaction (PCR)-based screen. In this initial experiment, McCallum et al.
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(2000) screened an EMS-treated Arabidopsis population with primers designed on DNA methyltransferase genes and they used denaturing high-performance liquid chromatography (DHPLC) to identify single-point mutations in pools containing DNA of several independent M 2 plants. TILL-ING proved to be a powerful reverse genetic approach that enabled the targeting of any gene sequence in a genome, allowing the study of phenotypic effects of induced mutations. After Arabidopsis, multiple TILLING populations were subsequently generated for many cereal crops, including barley (Gottwald et al. 2009; Talamè et al. 2008) , sorghum (Xin et al. 2008) , rice (Till et al. 2007 ), maize (Till et al. 2004) , and wheat (Rawat et al. 2012; Uauy et al. 2009 ). For example, the TILLING population of sorghum has aided in understanding the pathways controlling lignification. Lignocelluloses in plant cell walls represent the biggest proportion of carbon fixed by plants and they are therefore of particular interest in biofuel production . Reduced lignification increases the digestibility when the crops are used as feed for livestock (Sattler et al. 2010) . Reduced lignification in maize and sorghum is accompanied by a brown midrib (bmr in sorghum) phenotype of the leaves (Sattler et al. 2010) . Several bmr mutants have been identified both in maize and sorghum. For example, the sorghum bmr2 gene encodes a 4-coumarate-CoA ligase, and its identification was aided by the sorghum TILLING population (Saballos et al. 2012) . The TILLING population provided an additional bmr2-2 mutant to the previously known bmr2-ref mutant. A map-based cloning approach with bmr2-ref delineated a 262-kb interval containing 22 annotated genes on sorghum chromosome 4. An obvious candidate gene in the region contained mis-sense mutations in both mutant lines. As no transformation protocol existed for sorghum, the identification of a second mutant line from the TILLING population with a mutation in the same gene greatly facilitated the gene identification in this case (Saballos et al. 2012) . Six additional bmr mutants have since then been identified in the sorghum TILLING population, which are not allelic to previously described bmr mutants (Sattler et al. 2014 ). This demonstrates the power of TILLING populations to provide novel mutations and expand on natural phenotypic variation.
Mutant identification in TILLING populations, however, was initially restricted by the size of the PCR products (usually a few hundred base pairs) and by the number of PCR primers that could be tested on a population. Pooling, automation, and the modification of PCR protocols allowing for longer PCR products (Uauy et al. 2009 ) resulted in a certain increase of the throughput, but a genome-wide assessment of induced mutations within a mutant line or even an entire population was not feasible until very recently. Abe et al. (2012) developed the first whole-genome approach in cereals, named MutMap, which allows rapid identification of causal, EMS-induced polymorphisms (Fig. 2) . For MutMap, a plant with an interesting phenotype that has been selected from a large mutant population is crossed to its respective wild-type parent. In the F 2 , the recessive mutant phenotype will segregate in a 3:1 wild-type/mutant ratio. The DNA of 20 F 2 plants showing the mutant phenotype is bulked, the DNA bulk sequenced to ~ 12 × coverage using short-read sequencing, and reads are aligned to a reference sequence. The majority of the non-causal SNPs will be recovered in a 1:1 wild-type/mutant ratio, which translates into a SNP index of 0.5. The only exception is the region linked to the phenotype of interest, where the SNP index will increase and ultimately reach a value of 1 in and next to the causal polymorphism. By plotting the SNP index across all the chromosomes, causal mutations can thus be easily identified. Abe et al. (2012) subjected 12,000 plants of the Japanese japonica rice cultivar Hitomebore to EMS treatment. Resequencing of five randomly selected mutants revealed that each mutant plant carried around 1500 SNPs that were introduced by the EMS treatment (= 4 SNPs/Mb). A proof of concept was established by applying MutMap to two mutants showing a pale green phenotype. In both cases, the authors identified seven and five linked SNPs with a SNP index of 1. In one of the two cases, a mutation in a gene encoding a chlorophyll a oxygenase (OsCAO1) was shown to cause the pale green phenotype. In a follow-up publication, Fekih et al. (2013) modified the MutMap protocol to allow identification of causal mutations without the need of crossings. MutMap + is thus also feasible for mutations that cause sterility, developmental lethality, or effects on flowering time that can impede crossings.
Whole-genome resequencing is a feasible strategy for small cereal genomes. Advances in DNA sequencing technologies have even enabled the cataloging of induced polymorphisms in entire mutant populations. For example, Li et al. (2017a) comprehensively assessed polymorphism in 1504 fast-neutron-induced mutant lines of the rice cultivar Kitaake. In total, they found 91,513 mutations affecting 32,307 genes, which results in an average of 61 mutations per line. Li et al. (2017a) focused on one particular mutant line that showed dwarfism and shorter panicles. This particular line contained 76 mutations and by using a small segregating population, the authors could show that the mutant phenotype was caused by an inversion on chromosome 5 that affected the Dwarf 1/RGA1 gene. Similarly, wholegenome sequencing of 256 EMS-induced mutant lines of the sorghum inbred line BTx623 identified more than 1.8 million SNPs . For the cereal species maize, barley, and wheat with their large genomes, whole-genome resequencing of hundreds or even thousands of plants remains challenging. For these species, a genome complexity reduction of some sort is usually required. For example, RNA sequencing is a widely used form of complexity reduction, as only a small proportion of a cereal genome harbors protein-coding genes. By comparing the transcriptomes of mutant and wild-type bulks (bulk segregant RNAseq = BSR-seq), Liu et al. (2012) mapped and cloned the glossy3 gene in maize. Mutants of glossy3 display altered accumulation of epicuticular waxes. Krasileva et al. (2017) developed an exome capture assay based on 82,511 transcripts of wheat. The capture array was applied to sequence the coding regions of 1535 EMS mutants derived from the tetraploid wheat cultivar Kronos and 1200 mutant lines in the background of the hexaploid wheat cultivar Cadenza. This led to the identification of 48,172 and 73,895 gene models with at least one mutation in Kronos and Cadenza, respectively. By using this approach, the 'size' of the hexaploid Cadenza genome was reduced to about 162 Mb, which corresponds to 1% of a hexaploid wheat genome. An example that highlights the usefulness of this TILLING resource is the cloning of the Stb6 gene, which provides resistance against the fungal Septoria tritici blotch disease (Saintenac et al. 2018 ). Cadenza carries Stb6, which allowed the authors to rapidly identify mis-sense and nonsense mutations for two of the candidate genes identified through genetic mapping. Mutations in a gene encoding a wall-associated receptor kinase (WAK) showed increased susceptibility compared to the wild-type control, proving that this WAK gene is Stb6. In contrast to whole-genome resequencing, the success of this approach largely depends on the quality of the capture array and hence, on the transcriptomics data or gene annotations used to design the array. As the example of Stb6 shows, the resequencing of TILLING populations, be it based on whole-genome sequencing or reduced representation libraries, has opened up entirely new possibilities for gene cloning. Traditionally, TILLING populations were used for reverse genetic approaches and the availability of whole-genome sequencing data will greatly facilitate the identification of mutants in candidate genes, as exemplified by Stb6. In addition, the availability of sequence information from entire mutant population will also allow to use TILL-ING populations for forward genetic approaches in the near future, e.g., to start from an interesting phenotype detected in certain mutant lines and to clone the underlying genes through association mapping, as it was exemplified in rice by MutMap and MutMap +.
Another strategy to reduce the complexity of large cereal genomes is through a candidate gene approach. For example, the majority of disease resistance genes cloned in plants so far code for intracellular immune receptors of the NLR family (Kourelis and van der Hoorn 2018). NLRs perceive pathogen-derived virulence effectors that are secreted into the plant cell during the infection process. This recognition often triggers a strong defense reaction referred to as hypersensitive response . The knowledge on the importance of NLR-triggered immunity for plant defense was exploited in a protocol coined resistance gene enrichment sequencing (RenSeq) (Jupe et al. 2013) . RenSeq works by the design of a capture array that specifically allows for the enrichment of NLR sequences. Steuernagel et al. (2016) combined RenSeq with forward genetics using EMS mutagenesis to develop MutRenSeq. For MutRenSeq, an NLR capture array was designed based on sequence information from domesticated wheat and its wild relatives. The capture array was used to enrich for the NLR complement of a resistant wild-type parent and several independent susceptible loss-of-function mutants. Alignment of the mutant reads to the wild-type parent allowed the identification of contigs that carried EMS-induced polymorphisms in all independent mutants. Steuernagel et al. (2016) demonstrated the usefulness of MutRenSeq by cloning the two genes, Sr22 and Sr45, that both provide resistance against the fungal stem rust disease of wheat. For Sr22, 1300 EMS-treated M 2 families derived from the stem rust resistant, Sr22 carrying wheat cultivar Schomburgk were assessed for susceptibility. The NLR complement of Schomburgk and six independent, susceptible loss-of-function mutants were sequenced using Illumina short-read sequencing. Twentythree contigs showed a SNP in two of the six mutants when compared to the Schomburgk wild-type sequence and only a single contig showed mutations in five of the six mutants. This latter contig could be physically linked to a neighboring contig with a polymorphism in the remaining sixth mutant line. Hence, by using six independent mutants, Steuernagel et al. (2016) could unambiguously identify a single gene that was shown to correspond to Sr22. In comparison with exome capture, RenSeq allows researchers to even further reduce the genome fraction, which in turn reduces the costs for sequencing. The NLR complement sequenced by Steuernagel et al. (2016) consisted of 8235 NLR-containing contigs spanning 14.5 Mb, which corresponds to as little as 0.09% of a hexaploid wheat genome. Hence, this approach is highly suitable to cost-effectively and rapidly identify NLRencoding disease resistance genes. However, as the examples of Xa21 and Stb6 show, not all disease resistance genes in cereals encode NLRs.
Besides using capture arrays, the genomes of many cereal species can be reduced by making use of the natural DNA partitioning, e.g., the chromosomes. Through flow cytometry, single chromosomes from many cereal species can be isolated at high purity (Vrána et al. 2000) . For hexaploid wheat, chromosome sorting reduces the size of the 'genome' by a factor of 21, also eliminating a lot of the problems caused by the high sequence relatedness of the homoeologous chromosomes. Sánchez-Martín et al. (2016) turned chromosome sorting into a neat approach to isolate causal mutations. Their approach, named MutChromSeq, starts by identifying loss-of-function mutants in an EMStreated population. Chromosomes harboring the respective gene are then isolated from several independent mutants and the respective wild-type parent and subjected to shortread sequencing. Comparable to the MutRenSeq pipeline, the MutChromSeq pipeline will call the sequence variants between the wild-type contigs and mutant reads. Contigs that contain independent sequence polymorphisms in all the mutants are candidates for further validation. The MutChromSeq pipeline was used to clone the barley Eceriferum-q gene that is involved in the accumulation of epicuticular wax and the Pm2 powdery mildew resistance gene of hexaploid wheat. In both cases, the short-read sequencing produced tens of thousands of unordered contigs. Comparable to MutRenSeq, five to six independent loss-of-function mutants were sufficient to identify a single or two candidate contigs that had a SNP in all the mutants. This approach demonstrated that the Eceriferum-q gene codes for a lipase/carboxyl transferase and Pm2 for an NLR. In contrast to MutRenSeq, MutChromSeq makes no prior assumptions about the gene product and beside the chromosome location, no additional genetic mapping is required.
Phenotyping: the new bottleneck of gene cloning
The examples highlighted above demonstrate the enormous progress that has been made over the past years to develop genomic approaches that allow rapid and cost-effective gene identification based on induced mutagenesis. The challenge of induced mutagenesis is that rare single plants with a mutant phenotype need to be identified from thousands of mutagenized plants, of which most will retain a wild-type phenotype for the trait of interest. In addition, functional redundancy might prevent the identification of mutants in polyploid species. Induced mutagenesis thus works well for clear phenotypes that are caused by single genes. The examples of the pale green rice mutants, the Eceriferum-q gene of barley, or the wheat stem rust and powdery mildew NLRs mentioned in the previous paragraph are perfect examples for this. These traits are caused by single genes with strong effects and mutations were thus easy to identify. Many agriculturally important traits, however, are quantitatively inherited, which means that several additively-acting genes, each with a minor effect, contribute to the overall phenotype (Bazakos et al. 2017) . Prime examples are grain yield, drought tolerance, or quantitative disease resistance. Identifying minor variations affecting quantitative traits in mutant populations can be very challenging, even more so if there is genotype-environment interaction. Lr34, Lr46, and Lr68 are adult plant resistance genes against leaf rust, a fungal pathogen of wheat. While Lr34 and Lr46 have a greater effect than Lr68 on leaf rust resistance in most parts of the world (Herrera-Foessel et al. 2012) , this relationship is reversed in Uruguay and Argentina, where Lr68 displayed the strongest phenotypic effect of the three genes (Silva et al. 2015) . It is conceivable that environmental effects could be exploited for the cloning of genes like Lr68. Choosing the right environmental conditions will maximize the effect of a QTL and provide more robust phenotypic data.
As described in this review, advances in whole-genome sequencing, genome complexity reduction, marker systems, and genomic analyses have accelerated the cloning of cereal genes over the past decade. In parallel, phenotyping systems are being developed for small-scale greenhouse (e.g., Hartmann et al. 2011; Clark et al. 2013; Czedik-Eysenberg et al. 2018 ) to large-scale field applications (e.g., Crain et al. 2016; Haghighattalab et al. 2016; Virlet et al. 2017) . These phenotyping systems aid the detection of small phenotypic differences between plants, which may have been undetectable by the human eye. For example, smut fungi affect many cereal species, including barley and maize. These fungal pathogens produce obvious spore-filled sori in floral organs, but do not cause obvious symptoms during the plant's vegetative phase. Czedik-Eysenberg et al. (2018) developed an automated phenotyping system that is able to detect subtle growth differences of infected plants prior to flowering and reliably predict infection outcome. Obtaining more robust phenotypic data like these will ultimately improve the detection and cloning of genes, especially QTLs.
What does the near future hold for gene cloning?
At last, what does a look into the crystal ball tell us about gene cloning in the future? With the recent addition of high-quality barley and wheat reference genomes, cereal genomics has ultimately entered the post-genomics era with unprecedented consequences for gene cloning. The genome structure and gene content of single reference accessions of rice, sorghum, maize, barley, and wheat are known. This will for example greatly facilitate the development of molecular markers for positional cloning projects because it has become possible to orient oneself within a genome. The next leap forward will consist in the comprehensive assessment of sequence diversity between different accessions of a cereal species, including single nucleotide variants, copy number variation, and structural rearrangements. As an example, high-quality genome sequences of various wild and domesticated rice species were recently published (Stein et al. 2018; Zhao et al. 2018 ) and resequencing data from more than 3000 O. sativa accessions are available , allowing for the first time to assess the structural and sequence diversity in rice among thousands of accessions. Similar projects are currently underway for other cereal species, including wheat and barley. A deeper understanding of the genomic variation across entire species will, for example, allow to develop improved capture arrays for the sequencing of TILLING populations or for MutRenSeq. In addition, extensive resequencing data on thousands of cereal accessions might greatly enhance the power of GWAS, which could ultimately allow the direct identification of candidate genes from association studies. An interesting approach that goes in this direction has been developed by Arora et al. (2018) . They used association genetics in combination with complexity reduction (RenSeq) to clone several stem rust resistance genes from a panel comprising 174 accessions of the diploid wild wheat progenitor Aegilops tauschii. In contrast to other gene-cloning approaches, this approach coined Association genetics with R gene enrichment sequencing (AgRenSeq) worked without generating mapping populations or mutant populations. Also, once the panel has been established and sequenced, the same accessions can be used over and over again to identify NLR-encoding resistance genes against different diseases.
It can also be anticipated that sequencing technologies will further improve in the near future with regard to readlength and sequence accuracy. At the same time, the cost of sequencing is likely to drop even further. For example, a high-quality genome of Arabidopsis thaliana has recently been generated from a single MinION Nanopore flow cell. The 111 Mb genome was assembled into 62 contigs with a contig N50 of 12.3 Mb. This study highlights the fact that it has become possible to rapidly derive high-quality genomes at relatively low costs (Michael et al. 2018) . The continuing progress in sequencing technology will greatly affect gene-cloning methods that rely on de novo sequencing or resequencing. MutMap, TACCA and MutChromSeq have already demonstrated that sequencing of entire chromosomes and genomes has become a feasible, cost-effective, and attractive option, even if one is 'just' interested in a small region of a particular chromosome. Introducing long-read sequencing to MutMap for example, in combination with the multiple high-quality rice genomes available (Stein et al. 2018; Zhao et al. 2018) , is likely to greatly simplify the identification of causative SNPs. A protocol to integrate single-molecule real-time (SMRT) sequencing into RenSeq has already been established ) and long-read sequencing technologies might also be integrated into MutChromSeq. This step could greatly reduce the number of contigs obtained for MutRenSeq and MutChromSeq and thereby simplify the discovery of causal mutations. The use of short-read sequencing technologies for MutRenSeq and MutChromSeq bears the risk that a gene gets assembled in two separate contigs, which often happens if a gene contains large introns. This can greatly impede gene identification. In the future, it might even become feasible to cost-effectively resequence entire maize, barley, and wheat genomes for gene-cloning projects.
Most of the advances discussed in this review relate to the identification and cloning of genes underlying a trait with a Mendelian inheritance (i.e., controlled by a single gene) or QTLs of major effect. A remaining frontier is the cloning of minor effect QTLs. While these have only a minor effect individually, additive minor effect QTLs can play a major role in many agriculturally important traits. For example, in maize both grain yield and flowering time are complex traits (Buckler et al. 2009; Schön et al. 2004) . Currently, the cloning of quantitative genes is still best achieved by positional cloning, following an initial QTL or GWAS study. A combination of GWAS and positional cloning was for example used to clone the race non-specific rice blast resistance gene bsr-d1 from the durably resistant rice cultivar Digu (Li et al. 2017b ). To clone bsr-d1, the genomic sequence of Digu was compared to 66 rice accessions lacking broad-spectrum resistance, which led to the identification of 2576 SNPs that were unique to Digu. Association analysis of these SNPs in a RIL population derived from a cross of Digu with the susceptible rice line LTH revealed that a single SNP located in the promoter region of a C 2 H 2 -type transcription factor gene was associated with the rice blast resistance. As minor effect QTLs lack an easily identifiable phenotypic effect, approaches such as MutMap or MutChromSeq which rely on the phenotypic screening of large mutant populations, are challenging in this regard. The cloning of minor QTLs will thus much depend on progress on precision phenotyping beside genomic advancements.
Conclusion
In summary, progress in genetics has revolutionized gene cloning in the past 5 years. Gene-cloning projects are no longer matters of 10 years or longer. Hence, our excuses not to clone genes in cereals are dwindling. It is therefore the right time to consider the cloning of most agriculturally important genes in an international effort. A comprehensive catalog of cloned genes, along with the knowledge of the functional polymorphism, could greatly increase the accuracy of genomics-assisted breeding.
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